Sequence divergence between C.elegans and C.briggsae has also been studied.
INTRODUCTION
Studies of 'silent' (i.e., synonymously variable) sites in genes have revealed the influences of both mutational biases and natural selection in shaping DNA sequences (1) . The result of these forces is seen in nonrandom patterns of codon usage. The strength and direction of both mutational biases and natural selection have been found to vary both among and within genomes, leading to considerable heterogeneity of codon usage patterns among different genes and different species (2, 3) .
From studies of various organisms two major paradigms of codon usage have been found (1, and references therein). In the case of some prokaryotes (e.g., Escherichia coli and Bacillus subtilis) and unicellular eukaryotes (e.g., Saccharomyces cerevisiae, Schizosaccharomyces pombe, and Dictyostelium discoideum) codon usage appears to be determined by a balance between mutational bias and selection for certain translationally optimal codons: the point of balance (and thus the codon usage) depends on the level of expression of the particular gene. In contrast, in some prokaryotes, particularly those with extremely A+T-or G+C-rich genomes (e.g., Mycoplasma capricolum, Micrococcus luteus and Streptomyces species), and in mammals, codon usage in all genes appears to be largely influenced by mutational biases. However, there is a further layer of complexity, because in both mammals (4) and yeast (5) G+C content varies among chromosomal regions, most likely indicating that mutational biases vary around the genome. Mammals were thought to be perhaps typical of multicellular eukaryotes (6) , but it has been found that codon usage in Drosophila melanogaster is more similar to the E. coli/yeast paradigm, than to that of mammals (7) . At this point, it is difficult to make generalizations about multicellular eukaryotes, because species representing rather few major groups have been examined. Caenorhabditis elegans is a natural target for such studies, since it is one of a limited number of extensively studied 'model' organisms in genetics and molecular biology, and is currently the focus of a determined effort at whole genome sequencing (8) . It has been demonstrated that codon usage in 10 C.elegans genes encoding abundant proteins is highly skewed (9) . Here we examine the extent and nature of mutational biases and natural selection on codon usage in C.elegans, using a much larger dataset.
GENE SEQUENCES
From the GenBank/EMBL/DDBJ DNA sequence database (GenBank release 76), Caenorhabditis elegans coding sequences (identified in the database entry features table) were extracted using the ACNUC retrieval system (10) . These coding sequences fall into two broad categories. First, there are genes whose sequence was determined using the 'traditional' approach. Here, the genes were identified and sequenced because of some known function or phenotype. Second 
SEQUENCE ANALYSES
Codon usage in the C.elegans sequences was calculated using the program CODONS (11 FoP: the 'frequency of optimal codons' used in a gene (6) . This is a species-specific measure of bias towards those particular codons which appear to be translationally optimal in the particular species. Optimal codons for C.elegans were identified (see below) for all 18 amino acids where alternative synonyms exist. Two optimal codons were identified for Leu, Arg and Ala, and one for each of the 15 other amino acids. The Fop is calculated as the number of occurrences of these 21 optimal codons, divided by the total number of occurrences of these 18 amino acids. Values can (in principle) range between 0 and 1, and the value would be 21/59 = 0.36 in a gene with uniform usage across the entire genetic code.
The major trends in codon usage among genes were investigated using correspondence analysis (13) . This is the most commonly used multivariate statistical approach in codon usage analysis (7, 14, 15) . In essence, this method plots genes according to their synonymous codon usage in a 59-dimensional space, and then identifies the major trends as those axes through this multidimensional hyperspace which account for the largest fractions of variation among genes. Correspondence analysis of relative synonymous codon usage (RSCU) in the 168 genes yielded a first axis that accounts for 35 % of the total variation in the dataset. This is a high proportion, since 58 axes are produced in total. Also, it is as high as seen in similar analyses of other species, where there is a single major explanatory trend in codon usage. None of the other axes individually accounted for more than 10% of the total variation. Thus, we conclude that in the C.elegans dataset there is also a single major trend. Genes are presented in Table 2 in order of their position on axis 1. This parameter can be seen to be associated with codon usage bias, since genes at one end (the top of Table 2 ) are highly biased (low N, values), while genes at the other are not (high N, values): the correlation coefficient, r, for position on axis 1 and N, value is 0.76. This trend is also associated with G+C content at silent sites: position on axis 1 and GC3S values are also highly correlated (r = 0.72), and it is the highly biased genes that are more G+C-rich. The difference in codon usage between genes at the two ends of this trend is illustrated in Table 3 , where the codon usage in 17 genes (chosen as representing 10% of the dataset) from each extreme is given.
In some species (typically, bacteria and unicellular eukaryotes, but also Drosophila) a similar major trend in codon usage is associated with gene expression level, but in others (notably vertebrates) it is not. In C. elegans there does appear to be a trend in expression level associated with the differences in codon usage bias. Thus, genes known or expected to be highly expressed are clustered near the top of Table 2 predominantly expressed only following heat shock (22) .
The data used in the correspondence analysis which defined the two extreme groups of genes in Table 3 (24) revealed some similarity with sequences identified as antigens generated by the parasitic nematode Onchocerca volvulus. URF B0464.3 (Z19152) has a value of 0.66, consistent with a high expression level, but no homologues were found in the database, and the function of this gene remains unknown. URF R05D3.6 (L07144) also has a value of 0.66, and is homologous to the epsilon subunit of ATP synthetase.
MUTATIONAL BIASES IN CAENORHABDITIS ELEGANS GENES
In genes where selection on codon usage is weak, it is not necessarily to be expected that synonymous codon usage is uniform, since silent sites will reflect the influence of any mutational biases. The genome of C. elegans has a G + C content of 36% (9), which presumably indicates that mutation patterns are biased towards A+T. Indeed, C.elegans genes with low codon usage bias (near the foot of Table 2 ) have GC3, values in the range 20-40%. Also, 26 of the 27 sense codons with RSCU values greater than 1.0 in the genes with low bias (Table  3) end in A or U.
Mutational biases often appear to be influenced by neighbouring bases (25 -28) . Thus, for example, the frequencies of nucleotides at the third position of the quartets of codons for Val (GUN) and Ala (GCN) may differ, even in the absence of selection, due to the influence of the different bases at the second position of their codons. To take account of this, in asking whether codon frequencies are consistent with mutational bias, it is appropriate to contrast the frequencies of third position nucleotides within groups of amino acids encoded with similar second position nucleotides (28), i.e., making comparisons down the columns of Table 3 ; such comparisons are presented in Table 4 . In the lowly biased genes, chi square tests of the frequencies of use of nucleotides in the third codon position give nonsignificant results in three of the six tests performed, and only weakly significant results (p > 0.01) in the other three. For example, the frequencies do not differ significantly among the quartets of codons for Ser, Pro, Thr and Ala, which all have C in the second position. Similarly, third position nucleotide frequencies do not differ significantly among the three amino acids encoded by NAR (N is any base, R is A or G) , or the two amino acids using NGY (Y is C or U). (The NGY test is justified because although Ser has six codons, the AGY pair are isolated by two mutational steps from the UCN quartet.) Two of the weakly significant results arise in the NGN and NUN tests, where in each case one amino acid (Arg in the case of the NGN test; Leu in the NUN test) is encoded by two additional codons (which can be reached by a single mutation) which are not included in the comparison. Thus, it appears that the nonrandom codon usage in the lowly biased genes can be largely explained by mutational biases if the 5' neighbouring nucleotide is taken into consideration.
In contrast, the genes in the highly biased group do not have codon usage compatible with mutational bias: in five out of six tests the chi square value is very highly significant (Table 4 ). In the case of the single exception, it should be noted that neither of these Ser codons is used very often (Table 3) , the UCY codons being far more heavily used in highly biased genes. While these tests cannot prove that codon usage in the lowly biased genes is solely shaped by mutation, this seems the most parsimonious explanation; the difference between the results for the highly and lowly biased genes is quite striking, and a selective explanation for the similarity of codon usage in different sets of synonyms in the lowly biased genes is not obvious. These observations are quite different from the situation seen in, for example, the human genome, where G+C content varies extensively around the genome (1, 4, 29) , so that quite different patterns of codon usage are seen in different genes (3, 6, 30) , but codon usage in all genes appears to be compatible with mutational bias (28) .
In conclusion, the discussion above appears to confirm that the major trend among C. elegans genes reflects a balance between mutational biases and translational selection. Chi square tests on the frequencies of nucleotides at the third position of codons, comparing amino acids with similar nucleotides at the second position (N is any base, Y is U or C, R is A or G). The two sets of genes in Table 3 weight DNA (31) . With the advent of large amounts of DNA sequence data, these G +C regional effects are evident in a number of observations: the major trend in codon usage among genes is in GC3, (30) , neighbouring genes have similar GC3, values (29) , and the G+C values for silent sites, introns, and 5' and 3' flanking sequences of genes are all correlated (32) .
It has been suggested that similar situations may exist in the genomes of many organisms, including invertebrate animals (33, 34) . However, the latter studies only examined silent site G+C variation among genes, which can be due to codon selection if the optimal codons predominantly end with G or C (as indeed seen previously in Drosophila, and here in C.elegans). Thus doubts must exist about the generality of this form of 'genome compartmentalization'. Nevertheless, in the one case among eukaryotes where it has been possible to examine in great detail codon usage as a function of chromosomal location, namely the complete sequence of chromosome III of the yeast Saccharomyces cerevisiae (35) , it was found that genes with G + C-rich silent sites are predominantly located in two distinct chromosome regions (5 (36) . Our preliminary analyses of that sequence as a whole (it contains many of the cosmids already discussed) have so far revealed no obvious large scale regional variations in G + C content, either in the sequence as a whole or in synonymously variable sites in genes.
EVOLUTIONARY CONSIDERATIONS
The reason why selection for certain translationally optimal codons seems to have been effective in some species, but not in others, is most easily explained in the light of population genetics. The selective differences between alternative synonymous codons are expected to be very small, and so codon selection can only have been effective in species with very large population sizes (37 -39). The analysis above suggests that the long-term evolutionary effective population size of C.elegans must have been relatively large.
Perhaps the most fruitful approach to gaining insight into the processes of molecular evolution, and a useful means of gauging the functional significance of sites within sequences, is the comparison of homologous sequences between closely related species (40) . In E. coli and Salmonella typhimurium (41) , and in D. melanogaster and D.pseudoobscura (42) , the extent of interspecific divergence at silent sites is inversely related to the level of codon usage bias: silent sites in highly expressed genes have highly constrained codon usage patterns. The species most closely related to C. elegans that has been examined in any detail is Caenorhabditis briggsae. Recently, it has been shown that silent site divergence in six independent genes compared between these two species is also inversely related to codon usage bias (43) , although the index used was a non-specific measure of bias analogous to the Nc discussed above (and may not be ideal for reasons discussed already).
Comparisons of 12 homologous genes from C. elegans and C.briggsae are presented in Table 5 . DNA sequence identity between these two species varies from 71 %-94% among these genes. This is partly a consequence of the different constraints on the various gene products: the partial calmodulin-like protein sequences are identical, but the products of ced-9 differ at 33 % of aligned residues. However, when the numbers of nucleotide substitutions per nonsynonymous (KA) and per synonymous (KS) site are estimated, with a correction for superimposed changes (44) Nine of the twelve genes have higher GC3, values in C.biggsae, which might be indicative of a stronger mutational bias to A+T in C.elegans however, the overall average difference is less than 3%, and is not significant in a paired t-test.
The near saturation of silent substitutions in weakly constrained genes indicates that C.briggsae may be too divergent from C.elegans for some comparative purposes. However, this level of divergence is such that DNA sequences constrained by function should emerge clearly. Others have speculated that these two species may have diverged about 40 Myr ago (43) , but this relies on the assumption that silent substitution rates in Caenorhabditis are similar to those in Drosophila. Among the sequences examined here, the more divergent genes have somewhat higher Ks values than seen in a comparison between D. melanogaster and D.pseudoobscura (42) , two species which probably diverged 30-50 Myr ago. However, given the apparent variation in silent substitution rates even within the mammals (45) , it is difficult to justify an extrapolation from insects to nematodes.
